Three models of altered autonomic innervation of the chick heart have been developed in the last few years. These include sympathetically aneural heart, para sympathetically aneural heart, and heart with cholinergic innervation reconstituted from the nodose placodes. The neural status of these hearts has been assessed by a variety of morphological and biochemical methods, but the functional status of innervation is not known. In the present study, we have used electrocardiography and field stimulation to determine the functional neural status of the three different innervation models. The RR and QT C intervals were measured to assess the dominant autonomic tone and autonomic dysfunction in the heart. Even though the RR and QT C intervals were found to be identical in sham and experimental embryos, field stimulation of superfused atria showed that the sympathetically aneural heart has functional cholinergic innervation but lacks any sympathetic response. Hearts from embryos which were parasympathetically ancural lacked a cholinergic response to field stimulation and were judged to be functionally parasympathetically aneural. Hearts with cholinergic ganglia reconstituted from the nodose placodes have normal RR and QT C intervals as well as a normal cholinergic response to field stimulation. The results indicate that these neurons are functionally indistinguishable from neural crest-derived neurons. (Circulation Research 1989;65:1547-1554 O ver the past several years, our interest has focused on the question of whether autonomic innervation plays a role in normal development of the heart muscle. To approach this question we have produced developing hearts that are autonomically aneural.
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Three models of altered autonomic innervation of the chick heart have been developed in the last few years. These include sympathetically aneural heart, para sympathetically aneural heart, and heart with cholinergic innervation reconstituted from the nodose placodes. The neural status of these hearts has been assessed by a variety of morphological and biochemical methods, but the functional status of innervation is not known. In the present study, we have used electrocardiography and field stimulation to determine the functional neural status of the three different innervation models. The RR and QT C intervals were measured to assess the dominant autonomic tone and autonomic dysfunction in the heart. Even though the RR and QT C intervals were found to be identical in sham and experimental embryos, field stimulation of superfused atria showed that the sympathetically aneural heart has functional cholinergic innervation but lacks any sympathetic response. Hearts from embryos which were parasympathetically ancural lacked a cholinergic response to field stimulation and were judged to be functionally parasympathetically aneural. Hearts with cholinergic ganglia reconstituted from the nodose placodes have normal RR and QT C intervals as well as a normal cholinergic response to field stimulation. The results indicate that these neurons are functionally indistinguishable from neural crest-derived neurons. (Circulation Research 1989; 65:1547 -1554 O ver the past several years, our interest has focused on the question of whether autonomic innervation plays a role in normal development of the heart muscle. To approach this question we have produced developing hearts that are autonomically aneural. 1 -3 This has been accomplished by selective removal of the premigratory neural crest. The success of these ablations has been assessed by a variety of biochemical and morphological methods.
Removal of the neural crest adjacent to somites 10-20 has been shown to result in a sympathetically aneural heart. 1 The neural status of the heart was assessed by using several techniques including [ 3 H]norepinephrine uptake in the atria, formaldehyde-induced fluorescence of the sympathetic trunks in combination with light microscopy, glyoxylic acid histofluorescence of the atria, and biochemical analysis of catecholamines in the heart. 4 Use of these techniques has demonstrated a lack of identi-liable sympathetic innervation in hearts from animals with the neural crest ablated at somite levels 10-20.
Using quail-chick chimeras, the parasympathetic postganglionic innervation of the heart was shown to arise from the cardiac neural crest located in the neural fold adjacent to the midotic placode cranially and extending caudally to somite 3. It was originally thought that removal of this area of neural crest resulted in a parasympathetically aneural heart. The techniques used to determine the heart's neural status were whole-heart histochemistry of acetylcholinesterase and [H]choline uptake by the atria. Assessing the neural status of these hearts was complicated by the fact that removal of the cardiac neural crest also results in morphological anomalies of the outflow tract, most commonly, double-outlet right ventricle and persistent truncus arteriosus. More thorough analysis using counts of neurons in the outflow tract and acetylcholine assay revealed that removal of the cardiac neural crest caused only a 30% depletion of parasympathetic postganglionic innervation of the heart. Subsequently, it was determined that the cardiac ganglion neurons were reconstituted by cells from the nodose placodes. 3 These cells were shown to react with antibody to choline acetyltransferase.
Removal of the nodose placodes in addition to the cardiac neural crest resulted in a parasympathetically aneural heart. Unfortunately, embryos do not live beyond 12 days of incubation after this "double" ablation.
Although all of these models have been extensively analyzed by biochemical and morphological techniques, none has been tested for the functional status of autonomic innervation. The ontogeny of adrenergic and cholinergic neuroeffector transmission of the chick embryo heart has been studied in detail by Pappano and colleagues.-These studies have shown that cholinergic neuroeffector transmission is functional on the twelfth day of incubation. However, treatment of the preparation with physostigmine allows detection of cholinergic activity on day 10 of incubation. Sympathetic neuroeffector transmission begins on day 16 of incubation. All of these studies were carried out by using field stimulation of isolated atria superfused with Tyrode's solution.
We wanted to know the functional neural status of the hearts in our various model systems. Using electrocardiographic monitoring, we were able to determine that intrinsic heart rate and QT interval were normal. Field stimulation experiments on isolated atria demonstrated that hearts with parasympathetic ganglia reconstituted from nodose placode have functional cholinergic innervation. Hearts from embryos that were lesioned such that either sympathetic or parasympathetic innervation would be morphologically undetectable were found to be functionally aneural.
Materials and Methods

Animal Preparation
Fertilized Arbor Acre chicken eggs were obtained fresh from the hatchery (Seaboard Hatcheries, Athens, Georgia) and incubated in force-draft incubators maintained at 38° C and 95% humidity. The eggs were opened at 30-40 hours of incubation, yielding embryos at Hamburger-Hamilton stages 8 to 12. All embryos were prepared for microsurgery according to the method of Narayanan.
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Microsurgery
Three different types of ablations were performed: 1) ablation of the cardiac neural crest (neural fold between the midotic placode and the caudal limit of somite 3); 2) ablation of the cardiac neural crest and nodose placodes bilaterally, or 3) ablation of the neural crest giving rise to the first thoracic sympathetic ganglia, namely, the neural fold adjacent to somites 10-20. For convenience, the ablation groups will be referred to in this report as follows: 1) Embryos with ablated cardiac neural crest will be designated parasympatheticalry reconstituted. 2) Embryos with ablated cardiac neural crest and nodose placodes will be called parasympatheticaily aneural. 3) Embryos with ablation of neural crest adjacent to somites 10-20 will be referred to as sympathetically aneural.
The ablations were performed by use of a microcautery unit designed and built by the Department of Biomedical Engineering at the Medical College of Georgia, Augusta. Sham-operated controls were produced in parallel with each group of experimental embryo. For shams, each embryo was stained with neutral red, and the vitelline membrane over the embryo was torn. The eggshell window was covered with cellophane tape, and the egg was returned to the incubator.
Electrocardiography
Three-lead electrocardiograms were obtained from embryos at 13 days of incubation or more by use of electrically grounded, controlled-temperature environment. Four 0.5-mm stainless steel electrodes were inserted through the shell as reported previously. 12 Lead orientation was kept constant to allow comparison of results between embryos. Bipolar electrograms were obtained with lead pairs and a grounded reference electrode. A thermistor was placed inside the egg to monitor temperature, which was kept constant at 37° C. Electrocardiographic leads were connected to a switching box to allow sequential recording of lead pairs. The switching box was connected to an isolated preamplifier and amplifier with a frequency response of 0.05-100 Hz. A chart recorder (model RS 3200, Gould Instruments, Cleveland, Ohio) was used to record electrocardiograms at 50 and 100 mm/sec paper speeds. Measurements were made from tracings in which the RR and QT intervals were clearly distinguishable from background noise. The QT interval was then corrected for heart rate by use of the formula QT C =QT/VRR and averaged for 10 complexes. Measurement of intervals was accomplished with hand-held calipers. The electrocardiograms were analyzed without knowledge of embryo grouping. Since a single observer (J.L.C.) made all of" the measurements, it is assumed that any observer error would be consistent across all groups. Furthermore, averaging of 10 consecutive complexes should also minimize measurement error.
Field Stimulation
Field stimulation was carried out as reported previously by Pappano and Loffelholz.
7 Embryos with parasympatheticalry aneural hearts were tested on incubation day 11, embryos with parasympathetically reconstituted cardiac innervation were tested on incubation day 14 or 15, and embryos with sympathetically aneural hearts were tested on days 17-19. The heart was removed from the thoracoabdominal cavity and placed in warm (37° C) Tyrode's solution in a Sylgaard-coated Petri dish. The composition of the Tyrode's was (mM) K + 5.4, Na + 149, Ca 2+ 1.8, Mg^ 1.0, CT 148, HCO 3 ' 11.9, H 2 PO 4 " 0.4, and glucose 5.5. pH was maintained at 7.4 by aeration with 95% air plus 5% CO 2 . The periphery of the atria was pinned to the dish at four points, and the ventricles were dissected from the atria taking care to avoid damaging the sinoatrial node. The outflow area of the ventricles was carefully examined for morphological abnormalities.
The Petri dish containing the left and right atria was placed in a feedback automatic temperaturecontrolling device (designed and built by Mr. William Goolsby and Dr. Michele Mazzanti, Department of Anatomy and Cell Biology, Emory University, Atlanta, Georgia) that was clamped to the stage of a stereo dissecting microscope and was perfused at 5 ml/min with Tyrode's at 37±1° C. The atria were perfused until the beat rate had stabilized (10-20 minutes) before beginning the experiment. The stimulating electrodes consisted of two platinum wires placed on the endocardial surface on either side of the sinoatrial node. The node was stimulated for a period of 5 seconds at 30 Hz with an intensity of 40 V. The resulting field strength is at least four times the threshold required for eliciting inhibitory responses under these conditions. The recording electrode consisted of a silver chloride wire, which was placed on the endocardial surface of the left atrium. Field potentials were recorded with a chart recorder as described above for electrocardiograms except that the chart speed was reduced to 2.5 mm/sec. The specificity of responses to the stimulus was verified by repeating the stimulus protocol after equilibration of the tissue with either 10 FJM atropine or 10 /xM propranolol for at least 15 minutes.
Analysis of the Data
Each depolarizing spike was counted as one heartbeat. Beat rate was calculated for the 5-second period immediately preceding the stimulus and at 5-second intervals following the stimulus. The data was expressed as the absolute change in the beat rate compared with the beat rate calculated in the 5-second period immediately preceding the stimulus.
Statistical Analysis
Analysis of the electrocardiographic intervals was by unpaired two-tailed t tests. Analysis of the field stimulation data was by paired one-tailed t tests at the point of maximum effect. This was at 5 seconds for cholinergic effects and at 30 seconds poststimulation for adrenergic effects. Analysis of baseline rates for different days was by analysis of variance. A value of p<0.05 was considered to reflect a significant difference between groups.
Results
Viability of the embryos varied according to the area ablated. The total incubation time for the embryos was different for each group in an attempt to obtain maximum viability coupled with maximum functional maturation of the autonomic limb that was being tested by field stimulation. Embryos with parasympathetic reconstitution were tested on incubation day 14, and the viability was 17% among the experimental embryos and 62% in the shams.
The parasympathetically aneural group was tested on day 11 of incubation because the embryos do not live beyond day 12 of incubation. The viability was 23% among the experimental embryos and 68% in the shams. The sympathetically aneural group was tested on days 17-19 of incubation, and the viability was 58% in the experimentals and 89% in the shams. These viabilities are similar to those reported previously.
Electrocardiography An example of an electrocardiogram is presented in Figure 1 . No differences were found between the RR or QT C intervals of any of the experimental embryos compared with their shams (Table 1) . Furthermore, no differences were noted in RR or QT C intervals between days 14 and 17-19 (Table 1) . Complex electrocardiograms could not be obtained for embryos before 13 days of incubation by our methodology. Hence, we are unable to report RR and QT C intervals in parasympathetically aneural hearts.
Parasympathetic Reconstitution
Baseline rate in beats per minute of atria from hearts with parasympathetic reconstitution was not significantly different (82±17.9 beats per minute in the experimentals and 98.7±8.4 in the shams; values are reported as mean±SEM). Field stimulation of experimental atria resulted in a similar decrease in rate as that seen in sham atria (39% and 49%, respectively, t=0.9, degrees of freedom (df)=13, Figures 2 and 3) . Exposure of the atria to 10 atropine caused no change in the baseline rate, and the response to field stimulation was abolished in both sham and experimental atria (Figures 2 and  3 ). These data indicate that cardiac ganglion neurons derived from the nodose placodes were functionally indistinguishable from neural crestderived cardiac neurons.
Parasympatheticalty Aneural Hearts
Since embryos with parasympathetically aneural hearts do not survive beyond 12 days of incubation, field stimulation was attempted on day 11 of incubation. Pappano and Ldffelholz 7 showed that atropine-sensitive cholinergic neuroeffector transmission appeared on the twelfth day of incubation; however, inhibition of cholinesterase with physostigmine allowed detection of cholinergic activity on day 10. The baseline beat rates for the experimental and sham embryos did not differ (81.3±11.6 and 91.2±6.1 beats per minute). Field stimulation of day 11 atria from sham embryos elicited a significant decrease in rate that was blocked by atropine (t=1.8, df=8, Figures 4 and 5, atropine not shown). Similar stimulation of atria from hearts lacking cardiac ganglia elicited no chronotropic response (experimental vs. sham, t=2.9, df =11, Figures 4 and 5) .
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FIGURE 3.
Sympatheticalty Aneural Hearts
Since the sympathetic innervation to the heart does not begin to function before incubation day 16, 8 sympathetically aneural hearts and their shams were not evaluated until days 17-19. The results were the same from all three days and were pooled.
The baseline rates of experimental and sham embryos 94.5 ± 10.9 and 96.0±20.2 beats per minute were almost identical. Sham-operated embryos showed a biphasic response to field stimulation (Figures 6 and 7) . Rate decreased immediately after stimulation, and by 20-30 seconds poststimulation the rate increased over the baseline rate obtained before stimulation. The increased rate observed after stimulation was abolished by 1 FIM propranolol whereas the decreased rate immediately after stimulation was unaffected. The biphasic response to simultaneous stimulation of both limbs of the autonomic nervous system-is-widely known-. delayed adrenergic response is apparently due to the slower kinetics of cyclic AMP production and protein phosphorylation occurring at the level of the myocyte. 13 Sympathetically aneural atria showed the decreased rate after stimulation, but the rate returned to the baseline rate rather than overshooting it as was seen in the shams. This overshoot in shams was significantly elevated over the rate seen at the same period in sympathetically aneural hearts (t=2.6, df=16). Propranolol had no effect on the sympathetically aneural atria.
Discussion
In this study, we report several important findings that contribute to our understanding of the chick aneural heart models: 1) The electrocardiograms from hearts that were sympathetically aneural and in hearts in which parasympathetic cardiac ganglion cells were reconstituted with neurons derived from the nodose placodes were normal when compared with sham-operated embryos. The RR interval or heart rate is an overall reflection of dominant autonomic tone in the heart, which might change depending on the prevailing activity of the sympathetic or parasympathetic inputs. The QT interval is the surface manifestation of cardiac repolarization and is intimately linked with autonomic influences, especially sympathetic, because ventricular repolarization is thought to be under predominantly ^-adrenergic control.
14 In a separate study, where the right nodose placode only was removed, the QT C was abnormally prolonged during late incubation. 12 It is not known presently whether the prolonged QT is due to a primary or secondary effect of developmental modulation. However, the ipsilateral nodose ganglion was hypoplastic; this condition indicated the possibility of a primary effect. 2) Field stimulation experiments demon- strate that sympathetically aneural hearts have functional cholinergic innervation but lack an adrenergic response. Similarly, parasympathetically aneural hearts lack a cholinergic response. Unfortunately these embryos cannot be incubated to an age at which sympathetic function can be evaluated. Establishment of the functionally aneural status of these hearts that have been shown previously to be morphologically aneural is quite important because of the potential for reconstitution from unidentified sources. For example, it was not known if the vagal preganglionic fibers might innervate cardiac muscle in the absence of their normal target-the cardiac ganglion neurons. The present data make this possibility unlikely.
3) The most significant finding from this study is that cardiac ganglion neurons derived from the nodose placodes are functionally indistinguishable from parasympathetic neurons that are normally derived from cardiac neural crest.
Although we initially thought that removal of the cardiac neural crest resulted in parasympathetically aneural hearts, 5 this is not the case. 6 More recently, cells from the nodose placodes were found to "reconstitute" the cardiac ganglion cells. These neurons are cholinergic because they react with choline acetyltransferase antibody 3 and maintain an almost normal concentration of acetylcholine in the heart. 6 The present study shows that these cells function as normal parasympathetic neurons in the heart. This is very interesting because the neurons of the nodose 40 -r placodes contribute to the sensory innervation of the chick heart via the inferior ganglia of the vagus ls and do not ordinarily express a cholinergic phenotype (M.L. Kirby, unpublished observation). The transmitter phenotype of neurons in the inferior ganglia of the vagus is not known at the present time. These experiments do not rule out the possibility that the nodose placodes may give rise to a population of cholinergic stem cells whose survival is greatly enhanced after the neural crest is removed. If the cholinergic cardiac ganglion neurons are produced as a result of a change in transmitter phenotype, then the neuronal plasticity involved in this sensory-to-motor conversion is reminiscent of the neural transmitter plasticity observed in many other paradigms. 16 -23 This would be the first experimental demonstration of sensoryto-cholinergjc plasticity.
Davies and Lindsay 24 have shown that nerve growth factor promotes neurite outgrowth from neural crest-derived sensory cranial ganglia but not from placode-derived neurons. Fukada 25 - 26 has begun characterizing a soluble cardiac factor that induces neuronal cholinergic development and reduces adrenergic development. This cholinergic factor is a 45 kDa glycoprotein whose production by myocardial cells can be enhanced by epidermal growth factor and decreased by hydrocortisone. The action of epidermal growth factor is potentiated by bovine serum albumen and insulin. At this time it is not known whether placode-derived neurons respond to the cholinergic factor; however, the results from the present experiments suggest that this might be the case.
Although field stimulation elicited a typical cardiac cholinergic response from nodose placodederived cardiac neurons, it is important to remember that this response to field stimulation does not require functional preganglionic-to-postganglionic connections. Hence, the status of central control of these reconstituted neurons is unknown. However, the absence of a change in heart rate (RR) or QT C may reflect intact preganglionic innervation.
We have demonstrated previously, using morphological and biochemical methods, that ablation of neural crest adjacent to somites 10-20 produces a sympathetically aneural heart. 1 Only one other study has attempted to assess the functional status of adrenergic cardiac nerves after neural crest ablation of sympathetic neural crest. In that study, tyramine was ineffective in eliciting an increase in heart rate or cyclic AMP on day 17 of incubation in sympathetically aneural hearts. 27 From the present study, we now know that this heart is functionally aneural although the generation of electrical activity measured by electrocardiography is essentially normal.
Several other interesting observations have been made concerning the sympathetically aneural heart. Isoproterenol treatment elicits a rise in cyclic AMP with a slightly delayed peak as compared with shams. 27 However, the /3-adrenergic receptor number in the heart is unaffected.
2 * This could be due to the continued presence of circulating catecholamines produced by the adrenal medulla. In addition, these hearts have been shown to have increased cholinergic innervation. 29 The data in Figure 7 suggest a prolonged cholinergic response in the sympathetically aneural atria in comparison with the propranolol-treated shams, although these differences were not significant. Due to variability in the data, a larger number may be required to measure enhanced cholinergic activity with field stimulation.
These models of altered autonomic input to the heart should provide many new insights into the role of autonomic innervation in heart development. This assessment of functional innervation is an important step in complete characterization of these model systems.
